Abstract In 2009, exploratory drilling of geothermal wells in Iceland's Krafla volcanic caldera unexpectedly struck magma. The fact that the encounter did not have catastrophic consequences has excited considerable interest-and an international research facility is now being set up to explore energy generation and other possibilities of closer engagement with magma. We take this event as an incitement to explore how the Earth-changing "violence" of volcanic or igneous processes might be seen not simply as happening in time but as both generative and destructive of time itself. We approach volcanism through the construct of a "speculative geology" that draws on a recent return to metaphysical themes in philosophy as well as a growing interest in geologic processes in the arts, humanities, and popular culture. In this way, alongside cause-effect relations, we explore the more enigmatic processes through which subterranean geologic forces offer an excessive potentiality from which humans and other life forms select and actualize a narrower range of creative or generative possibilities. The article explores three significant volcanic episodes: a series of massive magma extrusions about 1.9 billion years ago linked to the ascendance of multicellular life; volcanism present in the East African Rift during pivotal phases of human evolution; and the volcanic activity of the early-mid Holocene viewed as a contextual factor in the emergence of ancient practices of artisanal pyrotechnology. Our reading of the dynamic and violent interchange between the inner and outer Earth in these examples points to a nonself-identical planetary condition, on which the very structure of temporality emerges through a play of destruction and generativity. In this light, we circle back on the Krafla project to consider questions of risk, uncertainty, and responsibility that attend the potential new interface with the underworld of magma.
Eruptions of Time

R
ather than conceiving of time as a continuous flow sutured or punctuated by events, we might think of events as generative of time. What happens or takes place opens a future that is other than the past or present. Events, we might say, are temporizing: they provide or give the experience of passing time. As Jacques Derrida intones: "What there is to give, uniquely, would be called time."
1 In this way, time-and the processes of becoming that are inherent to temporization-also involve a kind of violation: a rupture with preexisting states of affairs, pathways whose opening precludes other trajectories.
If this intrinsic violence is constantly enacted in the minor but consequential durations of daily life, it can be truly cataclysmic once we scale up to the times and spaces of the Earth. Such upheavals leave their mark. Even when time appears to us as modulated and smoothly flowing, it bears traces of its violent inaugurations. The sand in an hourglass and most of the glass itself are of igneous origin, materials that have at some point burst forth from the inner Earth. Likewise, the crystal in a digital clock is a gift of subterranean forces. And we too, the living beings who deploy such devices to impose order on the passage of time, carry within ourselves traces of violent extrusions of matter from the Earth's interior.
That we experience eventful time as erupting, irrupting, interrupting suggests memories of those ruptures that our planet delivers now and again. "Earthquakes, floods, hurricanes, and droughts," notes geologist Robert Frodeman, "are places where deep time erupts into our more familiar rhythms": 2 a list crying out for the addition of volcanoes.
Engaging with artist Nelly Ben Hayoun's installations of pocket-sized "working" volcanoes in domestic spaces, Gísli Pálsson and Heather Anne Swanson remind us how the "lively and unpredictable geologic being" of volcanic processes can entwine with everyday lives. And as they go on to show, episodes in living memory open onto a much deeper history of life-changing volcanic encounters.
3
Such life changes can of course be fatal, with eruptions such as Tambora (1815), Krakatau (1883), and Mount Pelée (1902) claiming tens of thousands of human lives. Dig deeper and we come to events of such magnitude that their impacts are of evolutionary significance: the Lake Toba eruption seventy thousand years ago with its much-debated winnowing effect on the genus Homo, the Deccan Traps eruptions implicated in the mass extinction event at the boundary of the Cretaceous and Paleogene periods, and the Siberian Traps eruptive events at the Permian-Triassic boundary that contributed to the die-off of an estimated 90 percent of Earth's species.
More than brute death tolls, what interests us is the way volcanic processes mediate between the Earth's forbidding interior and the lively envelope around the planet's surface, how they bring the slow, churning temporalities of the inner Earth into the more familiar rhythms and durations of the outer Earth. Such breachings, we suggest, are both exorbitantly generative and profoundly destructive, at once a giving and a taking away of time.
As we will see, the upwelling of matter from the subterranean domain into the crustal strata-predominantly in the form of magma-is a constitutive aspect of earthly existence. In the geoscience lexicon, "magma" refers generically to molten rock, "lava"
to molten rock that reaches Earth's surface. Magma comes from the mantle-the layer of rocky material between the Earth's core and crust that comprises some two-thirds of the planet's mass. Mantle rock is predominantly solid but also slow moving-circulating in vast currents driven by heat radiating from the Earth's core. This convection drives the movement of the tectonic plates that make up the planet's crust, in the process causing a small proportion of mantle rock to melt-by a reduction in pressure as it moves upward. 4 There are other ways of generating magma, however, such as when crustal rock is partially melted by being infiltrated by seawater and then dragged down as one tectonic plate is pushed beneath another. More buoyant than the rock from which it is formed, magma tends to rise where it stalls in fractures, collects in subsurface magma chambers, or-sometimes-bursts through the surface in volcanic eruptions.
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The trigger for this article, however, is not simply the surprises that rising molten rock periodically send our way. It is a stranger and more enigmatic set of events, goingson that are in the process of complicating the dynamic relationship between inner and outer Earth that has reigned since early in our planet's history. While the formation and ascent of magma will continue unabated, recent years have seen the first real contact between a terrestrial life-form and magma in its subterranean "natural" habitat.
In 2009, enterprising members of our own species who were engaged in exploratory drilling of geothermal wells in Iceland's Krafla volcanic caldera unexpectedly struck magma. 6 At zones of rifting and extension in the crust-as we have touched onmagma regularly intrudes into the Earth's upper crust, where it collects in chambers.
When groundwater is present or added to such sites, the resultant steam or hot water can be tapped as an energy source-as already occurs in Iceland and other geothermal regions. 7 But the chamber at Krafla was far shallower than anticipated. The fact that the magma strike did not trigger an eruption has excited considerable interest in the possibility of extraction-from wells that could be up to ten times as productive as standard geothermal bores. Only twice before-in the active volcanic chain of Hawai'i and at the Menengai caldera in Kenya-have engineers encountered magma in situ. As researchers propose: "Krafla could one day become the site of the world's first enhanced geothermal system operating at, or near, magmatic temperatures." 8 More than this, Krafla offers what has been described as "the first direct access to the magmatic environment of Earth."
9
The accidental encounter has inspired geoscientists and engineers to set up a unique international research facility-the Krafla Magma Testbed. An impetus for the project is awareness of the urgent need to substitute renewable energy for hydrocarbon combustion.
10 Alongside energetic opportunities, researchers are exploring the possibility of placing sensors directly into magma and even deliberately cooling molten rockwith implications for reducing volcanic hazards from magma chambers. At the same time, they are rigorously assessing risks involved in working with magma, which include mobilizing toxic chemical species such as mercury or arsenic and triggering volcanic eruptions.
"In spite of studies of the magma, well testing and modelling," geologists S. Scott, T. Driesner, and P. Weis observe, "the thermo-hydraulic nature of the reservoir at Krafla has remained enigmatic." 11 But what is the nature of this "enigma" in relation to our questions about the temporization of the Earth? What does it mean, not only for a select group of scientists and engineers but for human and terrestrial life more generally, to be contemplating new turns in the temporal relationship between the Earth's surface and its interior? That members of our species have deliberately inaugurated traffic with the domain of magmatic processes, we suggest, is so unprecedented that the contours and implications of this event cannot yet be anything but opaque and enigmatic.
The mode of inquiry we propose is intentionally speculative. By this we mean that we are at least as concerned with creative, explorative, and conjectural probings as we are with establishing causal relations or all-encompassing interpretive frameworks.
Rather than the tallying of risks against gains, what interests us most about Krafla as an unfolding event is the radicalness of its rupture with existing times of the Earth-its possible reconfiguring of the temporization of inner-outer Earth relations. At risk of sounding grandiose, we suggest that such eventualities potentially shift the very conditions of possibility through which new forms, structures, entities come in and out of existence on our planet.
Rather than confront Krafla directly, we take a more oblique and extended approach. We explore three earlier volcanic episodes that might be considered turning points in Earth or social history. After setting out what we mean by a speculative geology, we turn to our first example: magma extrusions occurring about 1.9 billion years ago that have been linked to the ascendance of multicellular life. Our second example concerns volcanism present in the East African Rift during pivotal phases of human evolution and its possible connections with early hominid fire use. Third, we advance to a more conventionally human history to explore volcanic activity in the ancient world as a contextual factor in the emergence of artisanal practices using high heat to transform inorganic matter. While differing greatly in spatial and temporal scale, each of these encounters with magma opens up questions of rupture and becoming: issues in which shifting inner-outer Earth relations might be seen to function as at once giving and taking away time. These are themes with which we engage more explicitly as we circle back on the Krafla project and consider questions of responsibility attendant on making contact with magma.
Toward Speculative Geology
Art Clark, Gormally, and Tuffen / Speculative Volcanologythe changeability of the Earth itself. As Earth system and geologic science generate ever more authoritative data sets about significant events in Earth history, anthropologists and other social scientists are increasingly willing to consider the influence of changing Earth processes on human sociohistorical development. Across the arts and humanities, commentators have noted how a generalized interest in materiality is now morphing into a more explicit "geologic turn" in which theorists and practitioners "direct sensory, linguistic, and imaginary attention toward the material vitality of the earth itself."
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Concurrently, philosophers have identified a "speculative turn" in their disciplinecharacterized by new inclinations to think beyond human experience.
17 Also construed as a return to metaphysics-recently defined as "speculative theory on the nature of ultimate reality"
18
-philosophy's (re)discovery of realities that precede or exceed human presence frequently takes the geologic as a kind of test case.
When Graham Harman directs philosophy's attention to "the volcanic core of objects," he is making a case that all manner of objects have a hidden or "molten" interiority. 19 The reference point here seems to be not only the relative paucity of scientific knowledge about the inner Earth but the fact that the very process of bringing hot, viscous rock to the surface inevitably changes its properties. "We never gain a direct view of these underground functions," observes Harman of his generic philosophical objects;
"as soon as we do, they have already been converted into something else." 20 Or as geologist Bruce Marsh speaks of his own objects of interest: "Once magma erupts, it begins cooling unusually quickly and it loses any gases that it may contain, so it really is a different animal."
21
There is more at stake in the conjuncture of geology and speculative thought, however, than shared questions of how reclusive, more-than-human realities resist our ability to access them. It is also a matter of how reality exceeds its own manifest or actual forms. The "metaphysical" dimension of speculative philosophical thinking connotes a concern not just with what currently exists but with the conditions or processes through which not-yet-existent things might come into being-or what has been described as "a reality exceeding all of the particular facts of any given situation." 22 This is not, in itself, a novel philosophical issue. In the early twentieth century, for example, Henri Bergson extrapolated on Darwin's evolutionary theory to draw out the more general implications of life's inherent capacity to explore new forms. But the current generation of speculative philosophers draw attention to the overemphasis on biology and the relative paucity of "geologic" thinking among their predecessors. Revisiting the eighteenth century, Iain Hamilton Grant proposes that "the metaphysical dissymmetry that retains biology as a philosophical science while ejecting geology or chemistry from its remit has haunted the philosophy of nature ever since." 23 And in this regard, philosophical inquiry that hews to the biological while eschewing inorganic, mineral, or geologic processes is seen to be foreclosing far too soon on the imperative to truly think beyond human experience. 
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What we refer to as speculative geologic thought has strong connections with the ways that aesthetic traditions and practices explore the permutations of media, materials, and bodies. It also takes a keen interest in science, though with a tendency to extrapolate from scientific development in "collateral" directions that are not necessarily a priority of scientists themselves. 28 In important ways, speculative approaches to geology overlap with the critical and interpretive impulses of the social sciences and humanities. Here we would point to such shared concerns as the uneven impact of Earth system changes on global populations, unequal distribution of access to geoscientific research and experimental opportunities, and the importance of "speculation" on mineral and energetic resources to the current global economic order. 29 But whereas critical social thought privileges active, deliberative encounters with worldly matters, speculative approaches to geology and other inhuman processes acknowledge and probe the limits of human intentionality. For if geologic processes are understood, to some degree, as subtending and conditioning human life, then these forces are likely to act on or through our social and individual bodies in ways that inherently exceed our capacity for control or knowledge. life by its outside, we suggest, invites more explicit consideration of how the integrity of "the living" is both violated and animated by its openness to geologic forces.
The significance of breaching the space between the inner and outer Earth, we propose, lends volcanism an especially pronounced speculative dimension. In the "speculative volcanology" that we work up over the next three sections, we are interested in both scientific and social scientific causality. But we have selected our three examples expressly because each one also admits of a kind of exorbitance: they involve moments when extrusion of magma generates far more possibilities than can be taken up or actualized in specific forms of human or nonhuman life. In this way, we seek to move between inquiry into causal relations and a more aesthetic or metaphysical reflection on the potentiality inherent in the molten interiority of our planet-setting out from a moment of life's becoming with volcanic processes that long precedes the emergence of our own species.
Magma, Metals, Metazoa: Becoming Multicellular
Life scientists, understandably, have long been curious about the ascendance of relatively complex multicellular beings-the Metazoa. As evolutionary biologist Lynn Margulis quips, there is no necessity for creatures "big like us," 33 no inevitability about their eventual appearance on Earth. We metazoan beings, she insists, came to pass in a biosphere that microscopic, mostly single-celled organisms had successfully shaped and run for two billion years without our help. 34 In short, organisms of the archaea and bacteria domains (collectively known as prokaryotes) evolved all the major forms of metabolism that characterize terrestrial life and still play the predominant part in maintaining our planet as a place conducive to life. Why more complex creatures finally burgeoned is a question that brings together research in the earth and life sciences.
And a key consideration is massive extrusion of mantle-derived magma.
The time is the Proterozoic-an eon characterized as prior to the proliferation of complex life-stretching from about 2,500 to 540 million years ago. The place is the landmass of Columbia, the supercontinent assembled from a convergent drift of crustal Evidence suggests that organisms with more complex cellular structures-including a membrane-enclosed nucleus and other distinct "organelles"-emerged in marine environments around 2.3 billion years ago. They were to form a new domain of life: the Eukarya-some of which would become multicellular and eventually metazoan. Like most living systems, eukaryotes require metals in minute quantities to perform respiration, digestion, photosynthesis, or any of hundreds of other metabolic processes. These trace metals are especially important for the catalytic activity of enzymes, which both accelerates and improves the accuracy of metabolic reactions. 
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And so, when we concern ourselves today with volcanoes threatening human communities or consider the impact of supereruptions on evolutionary pathways, we are generally thinking in terms of multicellular organisms-the inheritors of the eukaryotic lineage. These-especially our fellow metazoans-are the creatures whose individual lives or biological diversity matter most to us, but they are also the bodies that we know to have limited lifespans. In this regard, the very life and death with which we empathize may itself be as much the product of magmatic processes as it is threatened by volcanic activity.
In another sense, however, the life "big like us" that we find so precious is a kind of planetary luxury, by no means essential to the maintenance or flourishing of the biosphere. After all, the burst of eukaryotic diversification that signaled the end of the Proterozoic and the start of the Cambrian began some 540 million years ago-rather late in a tenure of terrestrial life that may exceed 4 billion years. Then again, necessity may not be life or the Earth's last word-for the many creative and exuberant ways that living things "contact and cross-fertilize the earth," as Grosz insists, are nothing to look down on.
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The rise of multicellular life did not need to happen, and the causal link with magma extrusions strung out over many millions of years remains contentious. But read speculatively, hypotheses about the role of volcanically derived bioessential elements in an evolutionary leap invite us to consider the "monstrous" subtending role of the inner Earth, the inseparability of geologic violence from biological becoming, and the implication of catastrophic and more gradual or linear temporalities. In the next section, we leap forward to another series of extrusive events whose ramifications are no less contentious or hypothetical: upsurges of magma that may have lured or provoked our more recognizable ancestors onto novel pathways. an act of utility than a symbolic gesture: an exuberant and expressive response to the sheer power of volcanism, which perhaps only later found an application.
Recent archaeological evidence zeroes in on a remarkable moment in the human exploration of such elemental potentiality. As early as seventy thousand years ago, researchers demonstrate, humans in coastal South Africa were using fire to change the properties of stone: heat treatment rendering raw stone into a form more amenable to flaking into tools. 53 Or perhaps into ornaments, we would add. As research team leader Kyle Brown sums up: "Here are the beginnings of fire and engineering, the origins of pyrotechnology, and the bridge to more recent ceramic and metal technology." built-in covers, and flues to regulate air supply, Çatalhöyük's pottery kilns, it is argued, would have been capable of reaching the 1100°C temperature required to separate copper from its ores. The fact that the same oxygen-poor atmosphere required to fire the red or black clay used by the potters of Çatalhöyük would have produced the conditions required to melt copper ores-together with evidence that copper ores were used as ceramic glazes-fuels speculation that the Anatolian settlement was a site where artisans "stumbled upon" smelting in the course of pottery making.
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While recent research raises pertinent questions about whether copper unearthed from Çatalhöyük was heated "native" copper or smelted ore, it also considers the intriguing possibility that deliberate burning of buildings may have converted entire houses into kilns capable of transforming ore to metal. 62 What is known with more confidence is that, as kiln and furnace technology developed, artisans across the ancient world regularly attained thermal levels in excess of 1200-1300°C. As metallurgist J. E. Rehder reminds us, these temperatures approximate the maximum heat of lava. 63 With this in mind, we might extend Pálsson and Swanson's sense of a "domestic" entanglement with volcanoes to take in the multitude of pyrotechnic artisans who, over several continents and many millennia, routinely introduced volcanic-scale temperatures and a molten transmutation of matter into the heart of village and urban life.
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The proximity of Çatalhöyük to a historically active volcano prompts further ruminations. Excavations of the Neolithic town have uncovered a wall painting featuring a "spouting" twin-peaked orange mound behind a black and white grid-like pattern.
While interpretations vary, this is most often viewed as a volcanic eruption close to a townscape-a reading that has gained weight from recent evidence that the doubleconed stratovolcano Hasan Dağı-some seventy miles northeast of Çatalhöyük-erupted about nine thousand years ago, a date very close to that of the mural's estimated execution. Vulcan is the Roman god of fire, forges, metalworking, and volcanoes; his Greek counterpart Hephaestus the deity of fire, potters, blacksmiths, metals, and volcanism.
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Etruscan fire god Sethlans is also associated with metalworking and volcanoes, while
Egyptian demiurge Ptah, god of metalworkers, embodies underground fire and triggers earthquakes.
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The perceived continuity in ancient imaginations between inhuman physical forces and artisanal work with fire resonates with Grosz's vision of art as an extrapolation on the potentialities of the Earth. If we are not to be overwhelmed by the power of the cosmos, she adds, we must find some way to scale down and enframe its forces:
to construct for ourselves "a small space . . . where chaos can be elaborated, felt, thought." 70 And it is in this conjectural sense that we might conceive of the kiln as a kind of corralling of igneous force, an enclosed arena in which fiery energy can be applied to earthly materials.
Even with the firewall of the furnace between the artisan and the molten transmutation of matter, it helped to have gods on one's side. "If the fire was too hot, or not hot enough," observes Alison Burford, "dire things could happen to both the pots in the kiln and the metal in the crucible, or to the object being annealed and worked with tongs and hammer." As in our previous examples, if on smaller scale, the volcanic activity we refer to has a broad temporal distribution-as do the metallurgical sites in question. Again, rather than seeking causal relations between specific volcanic episodes and social or evolutionary developments, our concern is with the way geologic processes provide materials that creative and experimental actors are able to channel into new forms or expressions. Indeed, as recent "speculative" interventions have suggested, when theorizing deep, formative forces, we can find ourselves in domains or zones in which it is difficult to discern the kinds of objects or forms to which causal analysis conventionally orients itself. Thus McKenzie Wark speaks of "a time (out of time) before objects and subjects became distinct," 77 while Bruno Latour depicts a "'metamorphic zone' . . .
where 'metamorphosis' is taken as a phenomenon that is antecedent to all the shapes that will be given to agents." 78 Or, as we might say, an "igneous zone."
As we return to contemporary engagements with magma, it is worth considering that we may once more be entering a time or zone prior to subjects' and objects' assuming clear outlines, a realm where geophysics begins to blur into metaphysics, and mythical thinking becomes harder to distinguish from practical or scientific thought.
Igneous Futures and "the Magma of the Other"
Origin stories intrigue and enthrall, but as Derrida points out, they are also troubling and dangerous-especially when used to adjudicate what is "natural" for us to do or to be. The important thing, he counsels, is to try to imagine something other than a pure and stable origin, to allow for messier beginnings, the coming into being at breaches, ruptures, rifts. For any fantasy of "primitive mythical unity," Derrida cautions, ". . . is always reconstituted retrospectively in the aftermath of the break."
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The fissures and vents through which molten matter from the inner Earth finds its way to the surface are a potent and literal instantiation of Derrida's originary rifting. If major magma extrusions are one of the most life-threatening events in our planet's repertoire, as we have been suggesting, so too are they among the most generative processes in social and geohistory. It is unlikely that there is a living being, micro or macro, whose trajectory has not at some stage been swayed or rebooted by igneous processes. But this should not be seen as a simple determination. Above all, to work with and through volcanism or other geologic process, we stress, is to engage with an excess of possibility. To think in terms of becoming with volcanic and magmatic processes is to recognize that "we" and other organisms have actualized only a fraction of the potentiality that inheres in the geologic domain. Which is also to imagine that, however much damage our species has done to the Earth-or the Earth to us-there remain a great many biogeophysical avenues as yet unexplored or incompletely realized.
We need to consider all this and more, our speculative inquiry suggests, if we are to probe the potential of a new interface with magma. While no previous or inherited practices should in themselves legitimate a novel procedure, it is worth considering how test-drilling at Krafla is already borrowing both techniques and products from the long lineage of pyrotechnology. For just as the concrete and metal used to stabilize boreholes are ultimately products of ancient high-heat technology, so too is the very idea of installing a "firewall" around an intense heat source the crux of the pyrotechnic enterprise. If the early artisanal kiln functioned like a scaled-down volcano or magma chamber, then it could be said that something of this enframing and containment is now being returned to the originary site of active igneous processes: a shift from the furnace as volcano to the volcano as furnace. A move, we might hope, that the old gods look well upon.
For Deleuze and Guattari, this process of enfolding a fraction of the "outside" is one of the primary ways that humans and other living things carry out a transformative trafficking with the forces of the Earth. 80 Or as Derrida would have it, it is the inevi- Accordingly, however much we undertake the most rigorous risk assessments, ultimately any intervention takes place in a context of uncertainty or undecidability.
For, with any significant innovation-and especially one involving a novel interchange with a new and "enigmatic" stratum-there is no existing solid base-no "un-molten"
ground-from which to secure a decision. To break through the Earth's crust and make contact with the vast, churning forces beneath is surely a kind of violence. But it must also be seen as an engagement with an Earth that is, in its own way, non-self-identicalan astronomical body that constantly, sometimes catastrophically, breaks with its own integrity. 84 That is, in Derrida's terms, we need to consider the essential "noncontemporaneity with itself of the living present." 85 For if indeed Krafla risks triggering eruptions or releasing toxic elements, we should also heed Derrida's counsel that the very structure of time is violent, that there is no futurity without a violation of that which we inherit from the past.
While the Anthropocene thesis has sparked a certain apocalypticism in some quarters, a focus on deep geologic time helps us appreciate just how often the Earth has interrupted-and rebooted-its own temporal flows. A crucial aspect of this temporal disjointing and rehinging, we have been suggesting, is the episodic "magmatic"
interchange between the great subterranean forces of the Earth and the more "familiar" planetary surface.
A new, deliberate, and deliberated exchange with magma offers possible paths away from the reliance on carbon-emitting hydrocarbons that currently risks triggering an epochal, life-extinguishing rupture in Earth history-or what we might see as one more in a long series of catastrophic unhingings of time. We have no way of telling whether the Krafla Magma Testbed-and the possible rise of intentional interchange with the magmatic subsurface-might set our species or even our planet on some wholly novel trajectory. The ability to study magma in situ, before it has cooled and de- 
